PACS. 73.20Mf -Collective excitations (including plasmons and other charge-density excitations). PACS. 82.65My -Chemisorption. PACS. 68.55−a -Thin film structure and morphology.
"Surface plasmons are the normal modes of charge fluctuation at a metallic surface and govern the long-range interaction between a metal and the rest of the world. Understanding the relation between surface plasmon dispersion and the properties of a semiinfinite electron gas has accordingly been a focus of research for more than 20 years" [1, 2] . This goal can be said to be reasonably achieved for simple metals, while a long way is still before us for d-electron metals. In this respect Ag surfaces became a paradigm for the understanding of surface plasmon dispersion, because of the extremely small width of the surface plasmon loss, which allows for precise measurements. Ag surfaces were investigated with High Resolution Electron Energy Loss Spectroscopy (HREELS) [2] [3] [4] [5] [6] and more recently by Energy Loss SpectroscopyLow Energy Electron Diffraction (ELS-LEED) [7, 8] . These studies showed that for all Ag surfaces the initial dispersion is positive instead of negative, as is the case for simple metal surfaces [9] , and is anisotropic with respect to crystal face and crystallographic direction [2] . The reversal of the dispersion sign is due to the presence of the d-electrons as confirmed by sophisticated model calculations [10] .
Two main observations remained however so far unexplained: i) Phases of the same material behave in qualitatively different ways as the dispersion on Ag(001) is nearly linear [5] while for the other surfaces a large and isotropic quadratic term is
present [4, 6, 8] . Such term is usually attributed to bulk properties, which are isotropic for a face-centered-cubic crystal as Ag. The most striking difference between the (001) and the other two low-Miller-index faces is that for the former an interband transition is present between Shockley states [11] which nearly matches the surface plasmon energy, thus opening a very efficient decay channel. Were this the relevant mechanism, a reduction of the quadratic term would be expected for the other surfaces too, if appropriate surface states could be created.
ii) The linear dispersion coefficient on Ag(110) is anisotropic with respect to crystal azimuth, being three times larger along 001 than along 110 [8] . The phenomenon cannot be described by the quantitative model developed by Liebsch and Schaich [10] , while a less sophisticated theory by P. J. Feibelman relates the anisotropic dispersion to the stronger geometric corrugation of the electronic density along 001 [12] . Accordingly if one could change the amplitude of the geometric corrugation one should be able to modify the linear term of the dispersion. Such experiments are indeed feasible for the K/Ag(110) system at low coverage as: i) the surface morphology is severely affected by the missing row reconstructions [13] ; and ii) an empty, K-induced, surface state forms at 3.4 eV above the Fermi level [14] , while an intrinsic filled surface state is present atȲ [15] , thus creating a similar situation as for the bare Ag(001) surface.
In this paper we report on the ELS-LEED investigation of such system with emphasis on the low-coverage (1 × 3) and (1 × 2) reconstructions which appear at a K coverage, Θ K , of 0.03 ML and 0.10 ML, respectively (1 ML corresponds to 1 K atom per Ag(110) surface unit cell). In the low-coverage (1×3) phase every third of the close-packed 110 Ag rows is missing, while in the (1 × 2) phase every second row is removed [13] . As shown by STM [16] for K/Cu(110), surface reconstruction proceeds via the formation of local nuclei, where a single alkali atom removes 2 or 3 atoms of the substrate out of a 110 row and is then accommodated in the resulting hole. These nuclei interact attractively along the 110 direction, while repulsive dipolar forces dominate along 001 . The reconstruction is known to be thermally activated [17] .
The experiment was performed in ultra high vacuum (3 × 10 −10 mbar) on an Ag(110) single crystal with reduced bulk dislocation density, whose surface was aligned within 0.1
• off the (001) plane. It was prepared in situ in the usual way [2] by ion sputtering and annealing until no traces of impurities could be detected by Auger Electron Spectroscopy (AES). Potassium was evaporated from a well outgassed commercial getter source (SAES getters) either at room temperature to induce surface reconstruction or at T = 100 K to inhibit it. Surface structure and surface reconstructions were characterized by SPA-LEED, while the evaluation of the coverage was obtained by AES from the ratio of the K transition at 252 eV and of the Ag transition at 352 eV. The energy loss spectra were recorded with ELS-LEED, a spectrometer allowing for both high momentum and high energy resolution [18] . The former is limited by the quality of the crystal under investigation and was 0.02Å −1 for the present high-quality sample, as determined from the FWHM of the specular peak. The energy resolution was tuned to 40 meV to improve the signal-to-noise ratio for the losses. After K adsorption at room temperature the crystal was cooled to 100 K. The ELS-LEED spectra were recorded at impact energies E i of 51.4 eV and 65.4 eV, obtaining identical results.
Sample spectra recorded at the same q but along the two high-symmetry crystallographic directions of Ag(110) are reported in fig. 1 for different values of Θ K . Only one sharp peak is present and corresponds to the surface plasmon loss. The surface plasmon energy,hω sp , was inferred from the position of the maximum of the loss peak. The transferred momentum parallel to the surface, q , is calculated from E i ,hω sp and from the scattering geometry, applying energy and momentum conservation [2] . K adsorption does not affect the energy loss for q along 110 ( fig. 1a) , while it displaces it to lower energy along 001 (fig. 1b) . The shift is only present at large wave vectors and its magnitude does not depend on surface reconstruction, being present also for the unreconstructed case (uppermost spectrum in fig. 1 ). Adding more K increases the damping, but has little effect on frequency and dispersion of the surface plasmon.
The measured values ofhω sp are reported in fig. 2 vs. q for the low coverage (1 × 3) and for the (1 × 2) reconstructed surfaces, along both high-symmetry directions. Continuous and dashed lines give the result for the anisotropic surface plasmon dispersion of clean Ag(110), measured with the same technique [8] . As expected K has little effect at vanishing momentum transfer in accord with classical dielectric theory which predicts that the surface plasmon frequency is dictated by the bulk dielectric function (ω) = −1. At large q along 001 , on the other hand, the surface plasmon energy is downshifted in presence of K. In order to be more quantitative, the experimental data were fitted with the parabolic form
the best-fit parameters and uncertainties were determined by the χ 2 method, using the MI-NUIT computing routine, where the uncertainty on q was reported on the dependent variable. The values of A and B, collected in table I and II, are reported vs. Θ K in fig. 3 . The main cause for the shift of the energy loss peak upon K adsorption is the reduction of the quadratic term along 001 , which drops from the clean-surface value of 3.4 ± 0.3 eVÅ 2 to 2.1 ± 0.2 eVÅ 2 at Θ K = 0.03 ML, while it remains nearly constant along 110 . The linear term is thereby only slightly affected. The effect is independent of surface reconstruction. We notice that at Θ K = 0.03 ML the K adatoms are separated on the average by 11 lattice spacings along the missing rows. The influence of the adatoms on the electronic properties of the substrate is therefore of long range. At larger K coverage an almost linear change of both linear and quadratic dispersion terms along both directions takes place. The anisotropy of both coefficients is completely removed at Θ K = 0.3 ML [19] . The larger error bars on the coefficients at Θ K = 0.10 ML and Θ K = 0.14 ML along 110 are due to the reduced set of measurements.
The meaning of quadratic and linear terms in surface plasmon dispersion has long been debated. Within jellium theory, the first is ascribed to bulk properties and the latter to surface properties [1] . Our first result is that no link is present between the dispersion coefficients and surface corrugation, as our data are identical for the reconstructed and unreconstructed cases. The anisotropy of the linear term for the bare Ag(110) surface, as well as the difference of the quadratic term between Ag(001) and the other faces, must accordingly be of electronic origin.
K adsorption on Ag(110) involves a decrease in the work function and the formation of new interband transitions involving either s and p K-induced states or one of the K-induced states and a Shockley state. The relevance of a change of the work function for the observed phenomenon is excluded by the observation that the drop in the quadratic term takes place already at very low K coverage when such change is negligible. The effect cannot be due to the interband transition between the K-induced states, as we observe the related loss in the energy loss spectra only for Θ K > 0.6 ML [20] . Both states must therefore be empty at low coverage as is the case also for K/Ag(001) [21] . Interband transitions involving the Ag(110) surface state atȲ [11] and the K-induced p-state are, on the other hand, possible. The energy gap between such states is similar to the one present atX on Ag(001) and nearly matches the surface plasmon energy. The downward shift of the K-induced p-band with coverage [14] should inhibit the effect at larger Θ K , but the shift might be compensated by the onset of dispersion, which raises the energy of the p-band atȲ . The energy gap atȲ remains therefore unaffected. The new decay channel is expected to reduce the surface plasmon frequency in analogy to the downward shift of the Ag plasmon frequency from its free-electron value induced by the presence of the interband transitions involving the d-bands. Transitions from the Shockley state to the K s-state are, on the other hand, not expected to affect surface plasmon dispersion significantly because of the mismatch between their energy and the one of the surface plasmon. No direct decay channel is therefore possible. With respect to the anisotropy of the observed phenomenon, we notice that it is related with the strong anisotropy of the investigated system. Indeed a strong interaction between the Ag atoms builds up along 001 and leads to (1 × n) reconstructions. Moreover the interaction between the K adatoms is repulsive along 001 , while it becomes attractive beyond a certain distance along 110 [16] , as confirmed by the analysis of the SPA-LEED spectra [19] .
Finally we conclude that the value of the quadratic term for the bare Ag(111) and Ag(110) surfaces is most probably dictated by bulk properties as no surface interband transitions are present for those faces near ω sp .
In conclusion, by studying the effect of K adsorption on Ag(110), we were able to demonstrate that:
i) The quadratic term of surface plasmon dispersion for Ag(001) and for K/Ag(110) 001 is determined by the balance between bulk properties and the presence of a surface decay channel for the surface plasmon, associated to surface interband transitions; surface plasmon dispersion can thus, in principle, be modified at will by manipulating the surface electronic structure near ω sp .
ii) The linear term is not affected by surface corrugation on the atomic scale and by K adsorption, so that its anisotropy for the bare Ag(110) surface must be of electronic origin.
iii) The properties of K/Ag(110) are strongly dictated by the K adatoms already at the extremely small concentration of 0.03 ML, thus demonstrating the long-range influence of alkali-atoms-induced changes on the physical properties of the substrate. This result holds for all alkali atom absorbtion systems, as demonstrated by the recently reported anomalous contraction of the Cs reconstructed Cu(110) surface [22] . ***
